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Silicon is host to two separate leading quantum technology platforms: integrated silicon photonics
as well as long-lived spin qubits. There is an ongoing search for the ideal photon-spin interface able
to hybridize these two approaches into a single silicon platform offering substantially expanded ca-
pabilities. A number of silicon defects are known to have spin-selective optical transitions, although
very few of these are known to be in the highly desirable telecommunications bands, and those that
do often do not couple strongly to light. Here we characterize the T center in silicon, a highly stable
silicon defect which supports a short-lived bound exciton that upon recombination emits light in
the telecommunications O-band. In this first study of T centers in 28Si, we present the temperature
dependence of the zero phonon line, report ensemble zero phonon linewidths as narrow as 33(2)
MHz, and elucidate the excited state spectrum of the bound exciton. Magneto-photoluminescence,
in conjunction with magnetic resonance, is used to observe twelve distinct orientational subsets of
the T center, which are independently addressable due to the anisotropic g factor of the bound
exciton’s hole spin. The T center is thus a promising contender for the hybridization of silicon’s two
leading quantum technology platforms.
There is a global search underway to identify a photon-
spin interface which is ideally suited to the needs of net-
worked quantum technologies. In the sister paper to this
work [1], the silicon T center has been newly identified
as a leading candidate in this search due to its native op-
eration in the telecommunication O-band, its long-lived
spins, and the commercial dominance of its host mate-
rial. Prior to this work, relatively little was known about
the relevant quantum properties of the silicon T center.
Here we report upon a variety of isotopic, luminescence,
magneto-optical, thermal, bound exciton excited state,
and spin properties of the T center which further support
its position as a photon-spin frontrunner in the techno-
logical race for a global quantum platform.
Luminescent silicon defects have been studied for
decades, with the vast majority of this work taking place
before the advent of quantum technology hardware de-
velopment in the late 1990s. Here we revisit the T center,
a member of the class of luminescent defects called radi-
ation damage centers. These centers can be formed by
electron, neutron, or ion radiation damage followed by
an annealing treatment, although some radiation dam-
age centers, including the T center, can be created with
heat treatment alone [2, 3].
Silicon radiation damage centers have themselves been
the subject of a number of recent studies [4–7] due to
their bright luminescence, sub-microsecond luminescence
lifetimes, near radiatively-limited optical linewidths in
28Si, and wavelengths in the telecommunications bands.
However, despite early reports that the G center in par-
ticular is connected to an optically detected magnetic
resonance (ODMR) signal [8], the dominant zero phonon
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line (ZPL) transitions of the G, as well as the C and
W radiation damage centers, have each been shown to
be singlet-to-singlet transitions with no ground state un-
paired electron or hole spins in which to hold quantum
information. The little-studied T center, by contrast, was
thought to have a spin-1/2 to spin-1/2 optical transition
directly in the telecommunications O-band, although the
composition of the ground state was in dispute [2, 9]. En-
couraged by this, and the knowledge that many defects
in isotopically purified 28Si boast exceptionally long elec-
tron [10, 11] and nuclear [12] spin lifetimes, the goal of
this work and its sister publication [1] is to assess the T
center for its potential as a silicon telecom photon-spin
interface.
This paper is organized as follows. In Section I we
begin with a brief introduction and review of what has
been reported in the literature about the T center. In
Section II we present photoluminescence (PL) results
and previously unobserved isotopic shifts. These results
add credibility to the existing atomic model of the cen-
ter. In Section III we apply photoluminescence excita-
tion (PLE) spectroscopy to reveal an ensemble ZPL full-
width half-maximum (FWHM) linewidth as narrow as
33(2) MHz, and report upon the temperature dependence
of the ZPL, whose linewidth, position and amplitude all
vary with temperature over the range of 1.2 K – 4.2 K in
a predictable manner. In Section IV we use PLE to iden-
tify the energies of many of the T center’s bound exciton
(BE) excited states. In Sections V–VII we study T cen-
ters under an applied magnetic field. Section V shows
magneto-PL, which reveals that the T center has a num-
ber of different orientations which become inequivalent
when a magnetic field is applied in an arbitrary direc-
tion. In Section VI we reveal a hyperfine interaction with
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2the hydrogen nuclear spin, and explore the combination
of continuous-wave spin resonance and resonant optical
excitation for electron and nuclear spin state hyperpolar-
ization and readout. In Section VII we study a specific
orientational subset to measure spin qubit characteris-
tics using pulsed magnetic resonance. We conclude with
a discussion of prospects and future work. The appen-
dices include technical details on the sample preparation
methods and the experimental apparatuses used in this
work.
I. REVIEW
In the 1970s, luminescent defects in silicon, and in par-
ticular sharp spectral features created as a result of irra-
diation and/or heat treatment, were often labeled with a
letter. A number of these so-called radiation damage cen-
ters have been studied extensively [13, 14]. Most centers
in this category have ZPL transitions which are unsplit by
magnetic fields, with no unpaired electron spins in their
unexcited states, limiting their usefulness as photon-spin
interfaces. The T [2, 3, 9, 14–22], I [3, 16, 20, 23], and M
[17, 18, 20, 21, 24] centers are notable exceptions to this
general trend.
Level structure – In 1981, Minaev and Mudryi [15] dis-
covered that the ZPL of the ‘T line’ photoluminescence
feature near 935 meV was in fact a doublet. In 1985, Irion
et al. [9] confirmed that the 1.8 meV–split doublet (later
estimated in Ref. [2] to be 1.75 meV) is a result of two
states in the same defect, which we will refer to as TX0
and TX1. In the same work, Irion et al. presented the
nonlinear and orientation-dependent stress dependence
of the T center’s TX0 and TX1 ZPL optical transitions,
revealing a rhombic-I (C2v) defect symmetry. Later stud-
ies [2] revealed even more splitting under stress, indicat-
ing that the T center is of monoclinic I (C1h) symmetry.
Based upon early magnetic field dependence studies
[9], Irion et al. concluded that the TX0 ZPL consists of a
transition between a level possessing a highly anisotropic
spin-1/2 particle and a level possessing a highly isotropic
spin-1/2 particle. The isotropic and anisotropic spin g
factors were determined in Ref. [9]. Irion et al pro-
posed, erroneously, that an anisotropic hole spin and an
isotropic electron spin both reside in the bound exciton
state, which this work disproves. The magnetic reso-
nance results in Section VI are consistent with the later
model proposed by Safonov et al. [2]. In this model
the T ground state has an unpaired electron, and the
TX state includes an additional bound exciton. The two
bound electrons in the TX state pair into an s = 0 singlet
state and the unpaired j = 3/2 hole spin state is split by
the reduced symmetry of the defect, which can be mod-
elled as an internal stress, into two doublets, TX0 and
TX1. The unpaired hole spin determines the magnetic
splitting of the TX0 state. The total binding energy of
the electron-hole pair is approximately 235 meV, whereas
the PL intensity decays with an activation energy of ap-
(a)
935.1 meV
1.76 meV
T
TX0
TX1
(b)
1
1
11
11
B0
E
|↑E〉 : electron spin
|↑H〉 : hole spin
|↓E〉
|↑E〉
|↓H〉
|↑H〉
(c)
A1 B1 C1 D1
FIG. 1. (a) Schematic energy level diagram at zero field, not
to scale, showing the ground T level, and the bound-exciton
TX0 and TX1 states. (b) Energy levels for orientational sub-
set 1 in purple, not to scale, as a function of magnetic field am-
plitude |B0|. Grey and red lines represent example TX0 states
for orientational subsets 2 to 11, with different splittings for
a given B0 field orientation caused by the anisotropic g factor
of the TX0 hole spin. (c) Optical transitions accessible for
orientational subset 1, relevant to the discussion in Sections
V–VII. In this work, nuclear spin-selective transitions are not
resolvable optically. The four available optical transitions for
subset 1 are labeled A1, B1, C1, D1, which is consistent with
the labels used throughout this manuscript.
proximately ∼ 22 meV [9] or ∼ 32 meV [2], which reflects
the binding energy of the hole to the negatively-charged
T− center. A T center level diagram, which summarizes
these earlier findings, is shown in Fig. 1(a and b).
Atomic composition and formation – Studies in 1985
[9], and then later in 1996 [2], identified the presence of
at least one carbon atom and one hydrogen atom in the T
center, by observing shifts and splittings of the T center
TX0 ZPL with the incorporation of
13C and deuterium
in the studied samples. Furthermore, a fourfold splitting
observed in a local vibrational mode (LVM) seen in PL
revealed that there are two inequivalent carbon atoms
present in the defect [2]. There was early evidence in
1981 that oxygen is not involved in the formation of the
T center (as opposed to the I center) [15]. The resem-
blance of the T center with Al1 [25] and Ga1 [26] defects,
with regard to LVM shifts, carbon isotope shift, and al-
leged symmetry, led to early speculation that boron was
involved in the atomic structure of the T center [9, 26] –
there is however no direct evidence supporting this con-
jecture.
Ab-initio cluster calculations [2, 19], drawing upon a
detailed analysis of the PL sideband LVM data first pre-
sented in [9] and expanded upon in [2], predicted an
atomic structure for the T center. In this model, two
carbon atoms are directly bonded and together share the
substitutional site of a silicon atom; one of these car-
bon atoms is terminated with a hydrogen atom, leaving
3an unpaired electron dangling bond on the other carbon
atom [2]. The paramagnetic nature of the T, I, and M
centers in their neutral ground states are consistent with
the presence of one hydrogen atom in each of these de-
fects [20].
T center formation – While it has been suggested that
M centers are involved in the formation of T centers
[9, 20], it has been claimed [3] that M centers have never
been observed in non-irradiated material, as opposed to
T centers. From ab-initio studies [2, 19], the suggested T
center formation mechanism is the capture of an intersti-
tial C-H pair by a substitutional carbon atom [2, 14, 19].
T centers have been observed both in Czochralski (CZ)
grown and float zone (FZ) grown silicon [2], and the ma-
jor step common to all studies is the need to apply a heat
treatment with temperature between 350 ◦C and 600 ◦C.
Hydrogen can be already present in the silicon, or intro-
duced by water vapour or gaseous hydrogen during the
thermal anneal [3]. It has been observed that excess hy-
drogen in the silicon sample passivates the T center [19],
rendering it optically inactive.
II. LUMINESCENCE SPECTRA
In the PL experiments using nonresonant excitation
in this work, whose technical details are given in Ap-
pendix B, above-bandgap light creates free carriers which
pair up to form free excitons, which in turn are captured
by T centers, as well as other defects in the sample.
Once bound to a T center, the bound exciton recom-
bines and with some probability (given by the quantum
radiative efficiency) this process generates a photon. Of
these radiative cases, with some probability (given by the
Debye-Waller factor) this process generates a photon in
the ZPL without any accompanying vibrational excita-
tions (phonons or LVM), and the remainder of the time
it produces vibrational excitations as well as light in the
phonon sideband.
In Fig. 2 we report PL spectra of T centers in silicon. A
low-resolution view of the T center ZPL and phonon side-
band is shown in Fig. 2(a), which includes sharp features
like the LVM replica labeled L2 following [2]. In Fig. 2(b–
d) we show high resolution spectra around the TX0 ZPL.
The natSi spectrum shown in Fig. 2(b) is from the bright-
est T center sample in our possession, which was electron
irradiated and heat treated in 1995 and stored at room
temperature since then. Additional sample details are
presented in Appendix A.
In Fig. 2(a) the phonon sideband relative to the nor-
malized ZPL is shown. When examining radiation-
damaged silicon material in PL with non-selective above-
gap excitation one unavoidably generates light from a va-
riety of defects. These other defects have contributed in
varying degrees to the backgrounds of all PL spectra of
T centers reported to date, which make the extraction
of the true Debye-Waller factor unreliable. The Debye-
Waller factor can be measured accurately by normaliz-
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FIG. 2. (a) PL spectra of the T center using above-gap
and resonant excitation. The detection window used for
PLE experiments in Sections III, VI and VII is shown in
grey. (b) High-resolution PL spectra of the T center TX0
ZPL in natSi and in enriched 28Si. Weak features in the
28Si spectrum attributed to 13C isotope-shifted replicas for
the T center’s two inequivalent carbon atoms are visible
at (c) 935.06093(7) meV, with an integrated area ratio of
1.1(1)% relative to the TX0 ZPL, and (d) a doublet at
935.14204(10) meV and 935.14240(6) meV, with a combined
integrated ratio of 1.16(9)% relative to the TX0 ZPL.
ing above-bandgap PL spectra to resonantly excited PL
spectra as described in Ref. [1].
In Fig. 2(b) we report the first high resolution optical
spectroscopy of the TX0 ZPL of T centers in
28Si. As
has been observed with group-V donors [27, 28], group-
VI double donors [29, 30] and other radiation damage
centers [4], the removal of inhomogeneous local isotopic
variations in the silicon lattice has a significant effect on
the observed linewidth of the T center ZPL in isotopically
enriched 28Si. In high-purity natSi we observe a linewidth
of 26.9(8)µeV, whereas in 28Si the linewidth is below
the 0.25µeV lower resolution limit of our FTIR spec-
trometer. A higher-resolution temperature-dependent
linewidth study using PLE techniques presented in Sec-
tion III reveals 28Si ensemble ZPL linewidths to be as
low as 0.14(1)µeV (33(2) MHz) – nearly a 200-fold re-
duction in linewidth. In addition to a narrowing of the
TX0 line, we also observe a peak wavelength shift from
4935.167(2) meV in natSi to 935.0643(1) meV in 28Si at
1.4 K. Similar spectral shifts, due to the dependence of
the band-gap on average isotopic mass, electron-phonon
coupling, and the defect binding energy, have been widely
documented in silicon [27], including in work studying T
centers in 30Si [22].
A closer look at the 1.4 K high resolution 28Si PL spec-
tra in Fig. 2(b) reveals the presence of a negatively-
shifted satellite at 935.06093(7) meV (Fig. 2(c)) and
a positively-shifted doublet at 935.14204(10) meV and
935.14240(6) meV (Fig. 2(d)) with integrated area ratios
relative to the main ZPL of 1.1(1)% and 1.16(9)%, which
are consistent with the 1.1% natural isotopic abundance
of 13C and the fact that the T center contains two in-
equivalent carbon atoms. Both features provide new un-
derstanding afforded by the isotopically purified 28Si host
material. The negatively shifted 13C peak is fully ob-
scured in natSi. The positively shifted feature, although
characterised at low resolution in earlier isotopic compo-
sition studies [2, 9], reveals previously hidden structure:
an 86(20) MHz splitting that is unobservable in natSi and
is possibly connected to the 13C nuclear spin.
III. ZPL TEMPERATURE DEPENDENCE
PLE experiments with tunable single-frequency lasers,
as described in Appendix B, can measure linewidths be-
low the resolution limits of high resolution spectrometers
used for PL spectroscopy. Here we scan a laser over the
TX0 ZPL at different sample temperatures and detect
sideband photons with wavelengths within the PLE de-
tection window shown in Fig. 2(a). The raw data as well
as the fit results are shown in Fig. 3.
Lorentzian lineshapes provide an excellent fit to the
raw data across the entire temperature range studied,
giving linewidths of 1.18(3)µeV at 4.2 K and 0.14(1)µeV
at 1.4 K. Fit parameters for all temperatures are plotted
in Fig. 3(b–d). The linewidth versus temperature data
was fitted to a thermally-induced transition model [4]:
Γ(T ) = P0 +
PT
exp (Ea/kBT )− 1 (1)
yielding P0 = 0.137(8)µeV, PT = 78(12)µeV and an ac-
tivation energy Ea = 1.6(1) meV. This is in reasonable
agreement with the 1.76(1) meV TX0 to TX1 state split-
ting measured in PL at 4.2 K. This demonstrates that the
thermal broadening of the TX0 line is due to thermally
activated transitions between TX0 and TX1.
Evidence for the transition from a thermally-
broadened homogeneous line to an inhomogeneous line
includes the PLE signal amplitude and integrated area
decrease at temperatures below 2.4 K as seen in Fig. 3(c).
A similar signal decrease is not observed in PL. In an
inhomogeneously broadened line, local degrees of free-
dom such as spin states can shift the position of a
given center’s ZPL. If resonant optical driving changes
these degrees of freedom, for example by flipping a spin
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FIG. 3. (a) Photoluminescence excitation (PLE) spectra of
the TX0 ZPL transition as a function of temperature, nor-
malized to the 2.4 K spectrum. The decrease in PLE signal
at low temperatures indicates a shift from homogeneous to
inhomogeneous broadening, as discussed in the text. (b–d)
Lorentzian fit parameters for the spectra in panel (a). Error
bars are smaller than the size of the data points. (b) The
ZPL linewidth increases as a function of temperature follow-
ing a thermally-induced transition model with an activation
energy of 1.6(1) meV (details in text). (c) Normalized ZPL
amplitude (black circles) and integrated area (white squares)
as a function of temperature. (d) Peak position shift, where
the black circles show the raw data and white diamonds show
the shift when corrected for hydrostatic pressure effects.
state, that center’s cycling transition frequency may
no longer be in resonance with the optical driving fre-
quency and the number of emitted photons will drop
accordingly. This effect increases as the ratio of ho-
mogeneous to inhomogeneous linewidth decreases with
lower temperatures. The lower bound on the homoge-
neous linewidth, from the temperature-independent life-
time data given in the sister publication to this work [1],
is 1/(2pi× 940 ns) = 0.169(2) MHz (or 0.700(8) neV). The
observation that an inhomogeneously broadened line is
Lorentzian is not uncommon and could be due to strain
from residual impurities, random electric fields from ion-
ized impurities, or crystal damage [31]. Further data in
support of this interpretation are given in Section VI.
The peak position also changes with temperature as
seen in Fig. 3(d). The peak position shift includes both
hydrostatic pressure and temperature shift effects, since
the temperature is controlled by reducing the gas pres-
sure over the liquid helium. As is the case with many sil-
icon defects, the sample’s ambient pressure should have a
linear effect on the peak position because of the bandgap
energy shift [32]. To measure the constant governing
this linear shift, we compared two spectra – one in liq-
uid 4He, the other in gas 4He – and made sure that
they were at the same temperature by comparing their
low-power (unsaturated) linewidths, which assumes that
pressure changes have a negligible effect on the ZPL
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FIG. 4. (a) PLE spectrum revealing higher excited states of the T center bound exciton level TX. (b) Transition energies of
all the known TX states, where TX0 and TX1 are determined using PL, and TX>1 are determined from the PLE data shown
in (a). The PLE peak amplitudes are shown relative to that of the TX4 transition. The NΓ
+
8 state labels for N<7 refer to the
fourfold degenerate shallow acceptor states from which the two doubly degenerate TX states originate. This splitting can no
longer be resolved for 7Γ+8 (TX23).
linewidth. Using this technique, the resulting constant
is 1.47(34)×10−9 eV/Torr, which we subtracted from the
total peak position shift. The remaining peak shift is
well fitted by a −3.58µeV/T4 temperature dependence,
which is proportional to the known T4 behavior of the
bandgap energy in this temperature range [32].
IV. BOUND EXCITON EXCITED STATES
In the neutral ground state the T center contains an
unpaired electron. During the lifetime of the bound exci-
ton the TX center can be thought of as a pseudo-acceptor.
Characteristics of this pseudo-acceptor include the exis-
tence of effective-mass-like excited states for the hole not
unlike those of group III acceptors such as boron. The
excited states of acceptors can be observed using a range
of techniques [33]. In the case of the T center’s BE, a
number of the excited states can be mapped out directly
with PLE techniques.
In the data presented in Fig. 4, a tunable single-
frequency laser was scanned above the energy of the
TX0,1 states, which resonantly populated bound excitons
into various excited states of the center. We measured
this excitation by TX0 ZPL luminescence, resulting from
phonon cascade from the excited state down to the TX0
state, using a spectrometer and a single-photon detector
as described in Appendix B. To our knowledge this is the
first reporting of the higher bound exciton excited states
of the T center defect in silicon.
The TX state energy spacings agree well with the
known even parity states of shallow acceptors such as
boron [33], with the complication that the normally four-
fold degenerate NΓ+8 are split into two doubly degenerate
states by the reduced symmetry local field of the defect.
This size of this splitting decreases rapidly with increas-
ing N, and is no longer resolved for 7Γ+8 (TX23). The rel-
atively strong transitions labelled NΓ+6 again agree well
with the level spacing known for the boron shallow ac-
ceptor [33]. Plotting the transition energy vs. 1/N2 for
the NΓ+8 transitions shows the expected almost linear
dependance of binding energy vs. the inverse of the prin-
cipal quantum number squared. This extrapolates to an
ionization limit for the hole in TX at 969.84(15) meV,
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FIG. 5. Photoluminescence of the T center TX0 ZPL under an applied magnetic field with B0 approximately parallel to the [110]
crystal axis. The four optical transitions available to each identifiable orientational subset are grouped by color. Orientational
subset 1 (purple) has optical transitions labeled A1, B1, C1, D1 in accordance with Fig. 1(c). Also labeled are the transitions
of the subset having the smallest hole g factor, A11, B11, C11 and D11. The colored lines are fits to Eq. 2, with resulting fit
parameters given in Table I. A multiplier of ×5 has been applied to the wings of the spectra to enhance the visibility of lower
amplitude lines.
or a hole binding energy of 34.78(15) meV. The weaker
unidentified transitions seen in Fig. 4(a) could be weakly
allowed transitions to odd-parity excited states, again
possibly split by the defect field, although it cannot be
ruled out that the lowest energy excited states TX2 or
TX3 involve the shallow acceptor 1Γ
+
7 state [33].
V. MAGNETO-PHOTOLUMINESCENCE
The substantial reduction in optical inhomogeneous
broadening afforded by the 28Si host material encour-
aged the re-examination of the PL of T centers under an
applied magnetic field. As seen in Fig. 5, the PL spec-
trum is substantially richer in 28Si than those of previous
reported spectra in natSi [9], even in the moderate mag-
netic fields explored here.
From the known C1h symmetry of the center, we ex-
pect twelve possible orientational subsets of T centers
relative to an arbitrary B0 field axis [34]. The unpaired
spin-1/2 electron was known to be highly isotropic in con-
trast with the highly anisotropic spin-1/2 hole. Together
this implies up to 48 observable optical transitions for
a low-symmetry field axis, where each T center orienta-
tional subset gives rise to four allowed optical transitions,
as schematically shown in Fig. 1(b). Further optical sub-
structure, for example due to nuclear spin Zeeman and
hyperfine effects, could not be resolved directly in these
ensemble measurements.
Fig. 5 reveals eleven T center orientational subsets
which are identified by color. Here we define ‘orienta-
tional subset 1’: an orientational subset addressable with
optical signals A1, B1, C1, D1, which underpins the spin
resonance studies in Sections VI and VII. Furthermore,
in Section VI we reveal through magnetic resonance tech-
niques that the purple subset with assigned A1, B1, C1,
D1 labels in Fig. 5 addresses two near-degenerate orien-
tational subsets, bringing the total observed number of
orientational subsets in this work to twelve. Note that
subset 1 has the largest effective hole g factor of all the
subsets. We also label the transitions of the subset hav-
ing the smallest hole g factor as A11, B11, C11 and D11.
Note that the ABCD labels indicate transitions connect-
ing specific spin states, and not the energetic ordering of
the transitions, so the energy of B vs. C is reversed for
subsets 4 through 11.
Each orientational subset’s optical transition frequen-
cies are well fit to a spin Hamiltonian model with Zeeman
terms for each of the unpaired ground state electron spin
and excited state hole spin as well as a diamagnetic term.
7Effective TX0 hole spin g factor Diamagnetic shift
gH χ (µeV/T
2)
1  3.457(7) −0.11(2)
2  2.233(9) −1.05(6)
3  2.165(14) −1.03(6)
4  1.970(12) −1.26(4)
5  1.871(22) −1.36(9)
6  1.851(14) −1.03(6)
7  1.770(8) −1.10(7)
8  1.596(6) −1.23(5)
9  1.497(11) −1.26(9)
10  1.082(7) −2.35(3)
11  1.069(7) −2.35(3)
TABLE I. Effective TX0 hole spin g factors and diamagnetic
shift constants for the different T center orientational subsets
observed with this magnetic field axis (approximately paral-
lel to the [110] crystal axis), whose colors match the subsets
labeled in Fig. 5.
Specifically, we fit using the following set of four equa-
tions:
{A, B, C, D} = ±gEµB|B0|
2e
± gHµB|B0|
2e
+ χ|B0|2 (2)
where {A, B, C, D} is the peak position shift from its zero
field value, gE is the ground state electron g factor con-
stant for a given orientational subset, µB is the Bohr
magneton, B0 is the magnetic field vector, e is the ele-
mentary charge, gH is the effective bound exciton hole g
factor for a given orientational subset, and χ is the dia-
magnetic shift. All ground state electron g factors are
equal within error, with an average of 2.005(8). Results
of the fit for the effective hole g factors and diamagnetic
shifts of all identifiable subsets are given in Table I.
The relative amplitudes of the four lines associated
with a given orientational subset measured using PL are
affected by: i) spin selection rules, and ii) the hole spin
thermal populations, where we observe that the hole spin
relaxation time is comparable to the TX BE lifetime of
940 ns [1]. As discussed in the next section, the spectra
obtained by PLE in a magnetic field are quite different
from those obtained using PL.
VI. CONTINUOUS-WAVE SPIN RESONANCE
The many optical transitions seen in magneto-
photoluminescence are not immediately observable under
the resonant optical driving of a PLE measurement. As
shown in Fig. 6(a, bottom trace), without the applica-
tion of any external signals, only a small central peak is
visible under an applied magnetic field of 80 mT when us-
ing the optically detected magnetic resonance apparatus
described in Appendix B. The absence of most optical
transitions in PLE is an expected consequence of ground
state electron spin hyperpolarization resulting from spin-
selective resonant excitation, as shown schematically in
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FIG. 6. (a) PLE spectrum of the TX0 ZPL under a static
magnetic field of ∼80 mT oriented approximately parallel to
the [110] crystal axis, with and without electron spin depo-
larization. Line labels A, B, C, D match those of Fig. 1(c)
and 5. Brackets display the gE = 2.005(8) electron splitting
at this field. The black trace (bottom) was collected without
any MW excitation. The green trace (top) was obtained when
pumping MW⇑= 2.2504 GHz and MW⇓= 2.2533 GHz, which
maximizes the signal from subset 1. The grey trace (middle)
includes a single central MW signal which drives both MW⇑
and MW⇓ from subset 11. (b and c) Ground state energy lev-
els created by the hyperfine interaction between the electron
spin and the nuclear spin, as per Eq. 3. The schematic level
diagrams picture electron spin hyperpolarization in (b) and
electron spin mixing in (c). Shelving is indicated by a thicker
energy level.
Fig. 6(b). Under such a model the central peak remains
visible because for a few orientational subsets the ground
and exciton spin states share approximately the same
effective g factor value, which is to say that their B
and C transitions almost overlap, and so both electron
ground spin states can be continually optically excited at
that central frequency and electron spin hyperpolariza-
tion does not occur.
To regain some of the structure observed in magneto-
PL, resonant continuous-wave (CW) electron paramag-
netic resonance (EPR) in the form of microwave (MW)
irradiation can be applied to continually depolarize or
mix the electron spin, as shown schematically in Fig. 6(c).
Spin mixing depopulates the spin shelving state(s) which
are not being optically pumped and allows the optical
excitation cycle to resume.
Overall the spin Hamiltonian for the T ground state
HT with two 12C constituents is given by
HT = µBB0gES+ µNgNB0I+ hSAI (3)
where µB is the Bohr magneton, B0 is the magnetic field
vector, gE is the electron spin g factor tensor which is ap-
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FIG. 7. ODMR response at ∼80 mT when pumping opti-
cal transition B1 and symmetrically sweeping two microwave
frequencies outwards from the central MW frequency under
these conditions, gEµB|B0| = 2.255 GHz, plotted as a function
of the difference between the two swept frequencies. The ob-
served doublet depolarization response at difference frequen-
cies of 2.57(1) MHz and 2.93(1) MHz reveals two distinct
hyperfine splittings from two slightly different orientational
subsets of subset 1, which are not optically resolvable.
proximately isotropic with gE = 2.005(8), S is the elec-
tron spin vector, µN is the nuclear spin magneton, gN
is the hydrogen nuclear spin g factor, I is the hydrogen
nuclear spin vector, h is the Planck constant, and A is
the hyperfine tensor. We find A is approximated well
by a constant Aeff for a particular orientational subset
and field vector to obtain the results in this work. This
spin Hamiltonian gives rise to the level structure shown in
Fig. 6(b and c) under our experimental conditions, where
we label the two conditional MW frequencies MW⇑ and
MW⇓ according to their respective nuclear spin state.
Even though we will find that these orientational sub-
sets have small effective hyperfine splittings due to the
nuclear spin of the hydrogen, a relatively strong MW
field resonant with the gE = 2.005(8) transition frequency
at ∼80 mT is sufficient to simultaneously pump both
MW⇑ and MW⇓ resonances thanks to power broaden-
ing, partially depolarizing the ground state electron spins
and strengthening the central PLE component, as well
as allowing many of the other PLE components to be
observed, as shown in the middle trace (grey data) of
Fig. 6(a). From this observation we can definitively con-
clude that the isotropic unpaired electron spin occurs in
the unexcited T center, and not in the TX BE state.
We find that for specific orientational subsets, spe-
cific pairs of microwave frequencies centered on the
gE = 2.005(8) value mix the ground state spins most effec-
tively, maximizing the PLE signal from that orientational
subset. For example, the top trace in Fig. 6(a), where the
subset 1 signal is maximized with MW⇑= 2.2504 GHz
and MW⇓= 2.2533 GHz, reveals an effective hyperfine
splitting |Aeff|= 2.9 MHz for subset 1 (we will later show
that closer study of subset 1 actually reveals two differ-
ent values of |Aeff|). The differences between the top and
middle trace of Fig. 6(a) demonstrate that the hydrogen
spin hyperfine interaction of the T center is anisotropic.
The specific MW frequency combination used to gen-
erate the green data in Fig. 6(a) was chosen as a result
of magnetic resonance spectroscopy experiments. This
optimization process is described next.
For orientational subset i, the tunable laser was first set
to a Bi or Ci transition energy as determined in Section
V. For example, for orientational subset 1, this energy is
indicated by the letter B1 (green arrow) in Fig. 6(a). In
this case both the B1 and D1 optical transitions promote
the T |↓E〉 electron states to TX0, consequently hyperpo-
larizing the electron into the |↑E〉 electron state; the A1
and C1 optical transitions generate the opposite electron
spin hyperpolarization. Two tunable MW sources were
initially each set to the central MW frequency given by
the electron spin g factor value. Following this, a sym-
metric MW frequency sweep was applied to reveal the
pair of MW frequencies, split by the hydrogen hyper-
fine interaction, able to most effectively depolarize that
particular orientational subset and generate an optically
detected magnetic resonance (ODMR) signal.
For a single orientational subset and accurately cen-
tered initial MW frequencies the result of this sweep
should display a single peak at the effective hyperfine
value associated with that orientational subset at the cho-
sen magnetic field direction. The result of this scan ap-
plied to orientational subset 11, with the laser set to the
C11 optical transition (grey arrow in Fig. 6(a)) reveals
that the subset 11 PLE signal is maximized for a MW
frequency difference of |Aeff|=0.40(3) MHz. The result
of this scan applied to orientational subset 1 is shown in
Fig. 7. The doublet observed in Fig. 7 reveals that ori-
entational subset 1 actually comprises a pair of orienta-
tional subsets hereafter referred to as subset 1 and subset
1′, thus bringing the total number of orientational subsets
to twelve. A two-Lorentzian fit reveals effective hyper-
fine magnitudes |Aeff| of 2.93(1) MHz and 2.57(1) MHz
for subset 1 and subset 1′ respectively. This has implica-
tions for the magnetic resonance experiments discussed
later in this section. For the purpose of generating the
green data in Fig. 6(a), a single |Aeff| near the average of
these two values was used.
Starting from the average |Aeff| for subsets 1 and 1′
measured above, it was possible to refine the MW fre-
quency estimates by fixing one MW frequency and sweep-
ing the other. The results of this are seen in Fig. 8(a) and
8(c). In both instances, if only one MW transition was
being resonantly driven no substantial ODMR signal was
observed, yet if both ‘allowed’ MW transitions were be-
ing driven the ODMR signal was recovered. Equivalently
put, both the electron and nuclear spins can be efficiently
hyperpolarized using a single optical frequency and a se-
lectively resonant MW frequency, similar to what has
been reported for excitons bound to shallow donors [35].
Interestingly, the ODMR signal could also be recovered
92.230 2.235
Frequency (GHz)
P
L
E
si
g
n
al
(a
rb
.) (a) MW⇑ MW⇓
XP XM
2.230 2.235
Frequency (GHz)
P
L
E
si
g
n
al
(a
rb
.) (c) MW⇑ MW⇓
XP XM
4.8 4.9
Frequency (MHz)
P
L
E
si
g
n
al
(a
rb
.) (e)
RF
MW⇑
(b)
|↓E⇑N〉 |↓E⇓N〉
|↑E⇑N〉
|↑E⇓N〉
B1
MW⇓
XPXM
MW⇑
(d)
|↓E⇑N〉 |↓E⇓N〉
|↑E⇑N〉
|↑E⇓N〉
C1
MW⇓
XPXM
(f)
|↓E⇑N〉 |↓E⇓N〉
|↑E⇑N〉
|↑E⇓N〉
B1
MW⇓RF
FIG. 8. ODMR peaks reflecting a relaxation of the hyper-
polarization generated by pumping a fixed optical and mi-
crowave transition are observed as a second MW or RF fre-
quency is scanned across specific resonances. (a) ODMR in-
tensity as a second MW source is scanned while pumping
optical transition B1 as well as either MW⇑ = 2.23198 MHz
(blue data and arrow) or MW⇓ = 2.23458 MHz (yellow data
and arrow). (b) Level scheme for (a) showing the shelving
level for both fixed frequencies in the absence of depolariza-
tion as a thick appropriately colored line. (c) and (d) are
as for (a) and (b) but while pumping optical transition C1.
(e) ODMR response while scanning an RF pump frequency
across the region corresponding to the RF transition shown in
(f) while also pumping optical transition B1 as well as MW⇓.
by driving the so-called ‘forbidden’ MW transitions, la-
belled XM (for mixed) and XP (for pure) in Fig. 8, which
can be driven in systems with an anisotropic hyperfine
interaction [36].
Notably, the hyperpolarization mechanism for T cen-
ters is not presently believed to include a substantial
Auger bound-exciton recombination component as is
known to be the case for the shallow donors. Efforts
were made at zero magnetic field to observe a change in
sample conductivity when the laser was applied on res-
onance with the ZPL, as was used with great success to
indirectly measure the spin-dependent creation of exci-
tons bound to shallow donors [10]. For T centers these
efforts did not reveal any evidence for Auger recombi-
nation whatsoever. Moreover we have not observed any
optical bleaching effects by driving the TX0 transition.
Together this indicates that, with a high probability, an
unpaired electron remains bound to the T center follow-
ing bound exciton recombination.
Starting from a spin-polarized configuration obtained
by applying both on-resonant optical B1 and MW sig-
nals, we can perform nuclear magnetic resonance (NMR)
by applying radio frequency (RF) signals resonant with
the nuclear spin transition frequencies. The predicted
hydrogen spin transition frequencies near 2.1 MHz and
4.9 MHz correspond to the cases where the hydrogen spin
is coupled to the two different electron spin states. With
MW⇓ continuously driven and the B1 optical transition
as chosen, which is pumping from the electron spin-down
state, only the electron spin-up RF frequency should de-
polarize the otherwise hyperpolarized nuclear spin state
and generate PLE signal. This configuration is shown
in Fig. 8(f). The sign of Aeff determines whether the
electron-spin-up RF frequency is near 2.1 MHz or near
4.9 MHz. In Fig. 8(e) we observe two RF transitions near
4.9 MHz, corresponding to the two addressable orienta-
tional subsets 1 and 1′ first identified in Fig. 7, which are
more clearly distinguished here. From this we infer that
Aeff for these orientational subsets under these conditions
are negative: Aeff =−2.93(1) MHz and −2.57(1) MHz. A
negative Aeff can be observed when the anisotropic dipo-
lar hyperfine component reaches values larger than that
of the isotropic contact hyperfine component of the over-
all hyperfine interaction [36].
In this work the T centers under investigation are those
with 12C constituents. Upcoming studies with 13C will
offer four spin-1/2 qubits per T center, with a corre-
spondingly richer spin Hamiltonian for each orientational
subset.
VII. PULSED SPIN RESONANCE
From Section VI we have determined spin Hamiltonian
values for orientational subset 1 as well as techniques able
to efficiently hyperpolarize both the electron and nuclear
spin states. In this section, we introduce pulsed opti-
cal and magnetic resonance techniques which are able to
manipulate and measure the T center spin populations.
These techniques are employed in the sister publication
to this work [1] to extract spin T1 times substantially
longer than 16 seconds and Hahn-echo T2 times exceed-
ing a millisecond and a second for the electron and nu-
clear spins respectively.
All spin measurements are predicated upon having spin
initialization and read out techniques. The electron-
nuclear spin hyperpolarization process outlined in Sec-
tion VI, whereby resonant optical and MW frequencies
are applied to the entire ensemble, is used to initialize
the spins. Next, we discuss pulsed optical techniques to
read out the T center spin populations.
We begin with the electron spin polarization, which
could be measured most easily by switching the optical
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FIG. 9. (a) Nuclear spin (red) and electron spin (dark blue)
polarization transients. (b) and (c) Energy level diagrams il-
lustrating the electron spin mixing (b) and polarization (c)
transient schemes. (b) Populations are first prepared into
a mixed population distribution by activating B1 as well as
MW⇑ and MW⇓. (c) To observe the electron spin polarization
transient, the MW signals are halted. Shelving is indicated by
a thicker energy level. (d) and (e): Energy level diagrams il-
lustrating the nuclear spin polarization transient scheme. (d)
Populations are first prepared into the |↑E⇓N〉 state by pump-
ing B1 and MW⇑. (e) To collect the transient, MW⇑ is turned
off while MW⇓ is turned on, changing the shelving state from
|↑E⇓N〉 to |↑E⇑N〉.
pump signal back and forth between B1, which pumps
the system towards electron polarization +1 (all electron
spins up), and C1, which pumps the system towards elec-
tron polarization −1 (all electron spins down). In both
cases the steady-state sideband luminescence approaches
zero, since all systems are pumped into a shelving state
which the optical pump does not access, but when switch-
ing from one pump to the other there will be an initial
luminescence transient whose amplitude is proportional
to the difference in the polarization state just before the
pumping is switched and the steady state polarization
which the pumping eventually produces. This scheme
would require two single frequency lasers, so we used a
different approach.
A mixed electron spin state (electron polarization 0)
can be produced by applying B1, MW⇑, and MW⇓ si-
multaneously as shown in Fig. 9(b). An electron spin
polarization transient is produced by shutting off MW⇑
and MW⇓ and letting B1 hyperpolarize the electron spin
into |↑E〉, as shown in Fig. 9(c). The transient lumines-
cence shown in Fig. 9(a) (blue data) is the signal gen-
erated when the pumping is switched from Fig. 9(b) to
Fig. 9(c), or in other words the electron polarization is
driven from 0 to +1.
In principle, the electron spin state can be deduced
optically during this process by detecting the resulting
sideband luminescence transient. However, this electron-
spin-selective optical excitation cycle leads to very rapid
electron spin hyperpolarization. The branching ratios
from the BE states back down to the ground electron spin
states are presumably relatively balanced, and the elec-
tron spin is hyperpolarized within a few optical cycles.
As a result, very few sideband luminescence photons are
collected during electron spin transient measurements.
Instead of measuring the electron spin using these tran-
sients, an indirect method measuring the nuclear spin
state was employed. The nuclear spin luminescence po-
larization transient data is shown Fig. 9(a) (red data),
and the preparation and readout schemes are shown in
Fig. 9(d) and (e), respectively. The pumping in Fig. 9(d)
polarizes the system to the |↑E⇓N〉 state, while that in
(e) polarizes it to the |↑E⇑N〉 state. The red lumines-
cence transient data in Fig. 9(a) was generated when the
pumping switched from (d) to (e). A very similar tran-
sient is observed when the pumping is switched from (e)
to (d).
What is noteworthy in Fig. 9(a) is the much longer
decay time, and thus integrated transient area, of the
nuclear polarization transient (red) compared to the elec-
tron polarization transient (blue). This must result from
the fact that the T centers can go through many opti-
cal absorption/emission cycles before the nuclear spin is
flipped. The direct measurement of the electron polariza-
tion as in Fig. 9 has a much lower signal-to-noise ratio
than the measurement of the nuclear polarization. In
the following measurements the electron polarization is
therefore measured indirectly, by mapping it onto the nu-
clear spin using an electron-spin-selective nuclear pi pulse.
Furthermore, the alternating initialization and read-
out cycles used in Fig. 9 can be simplified by using a
single polarization combination, in our case that shown
in Fig. 9(e), which leaves the system in |↑E⇑N〉, to both
detect any polarization transient and then re-initialize
the system. This initialization / readout procedure is
labelled ‘POL’ in Fig. 10, and the pump laser is mechan-
ically blocked in the interval between POL cycles. If the
nuclear spins do not change between one cycle and the
next, there will be no transient, and if the nuclear spin
state polarization differs through decay or spin manipu-
lation, a transient will be generated whose amplitude will
be proportional to the fraction of centers having nuclear
spin down.
In Fig. 10(a) we combine these methods to measure
Rabi oscillations when driving the nuclear spins with
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FIG. 10. Rabi oscillations for (a) the nuclear spin and (b)
the electron spin. The signal decay is limited by the EPR
and NMR resonators’ magnetic field inhomogeneities. The
normalization is based off exponentially decaying cosine fits.
The pulse sequence colors match the transition energies in the
level diagrams shown in Figs. 6, 8, and 9.
variable length RF pulses at the electron spin up RF
frequency. For zero RF pulse length there is no change
in nuclear spin, so there is zero transient area, and the
nuclear spin polarization is near +1, as it is at the end
of the POL period. When the RF pulse length reaches
pi, the population is flipped to |↑E⇓N〉, and the nuclear
polarization is near −1.
In Fig. 10(b) we measure the Rabi oscillations due to
variable length MW pulses which drive the electron spin.
As before, the system is initialized to |↑E⇑N〉 before the
POL pumping is stopped and the spin pulse sequence
is applied. The MW⇑ pulse applied to this state rotates
the electron spins, and the RF pi pulse flips any remaining
population within |↑E⇑N〉 to |↑E⇓N〉, generating a nuclear
polarization transient when B1 and MW⇓ are turned on
again in the POL cycle. For zero MW⇑ pulse length,
the RF pi pulse flips all of the systems back to |↑E⇓N〉,
and a maximum sideband luminescence transient area
is observed, corresponding to electron spin polarization
near +1.
In Fig. 10 the normalization of the observed Rabi os-
cillations are determined from exponentially decaying co-
sine fits. The decay of the Rabi oscillations seen in Fig. 10
are thought to be due to MW and RF field inhomo-
geneities, and the observed spin control fidelities are typ-
ical for ensemble measurements in home-built resonators.
VIII. CONCLUSION
We have reported upon the promising optical and spin
properties of an ensemble of T centers in 28Si. We have
performed above-bandgap PL, resonant PL, PLE, and
ODMR upon this ensemble. As has been reported with
other radiation damage centers’ ZPL transitions in 28Si,
we observe a significant (here nearly 200-fold) reduction
in ensemble inhomogeneous linewidth, to as low as 33(2)
MHz at ∼1.4 K. PLE traces at ∼1.4 K confirm that this
ensemble linewidth is inhomogeneously broadened. We
have observed two distinct carbon isotope shifts of the
ZPL, which is consistent with existing atomic models of
the T center. This opens up avenues for the future study
of T centers with up to three spin-1/2 nuclei.
In a magnetic field, we observed twelve orientational
subsets, consistent with the C1h symmetry of the center.
The hyperpolarization dynamics observed in PLE in a
magnetic field allowed for ODMR and the determination
of MW and RF transition frequencies for a single orienta-
tional subset of T centers. From this we have proven that
the unexcited ground state contains an unpaired electron
spin, conclusively resolving this open question in the lit-
erature. Furthermore, we have shown that there exists
an anisotropic hyperfine interaction with the defect’s hy-
drogen nuclear spin, suitable to support spin readout via
the nuclear spin’s slow hyperpolarization optical tran-
sient. Taken together these results pave the way for T
centers to successfully hybridize silicon’s two dominant
quantum platforms, and provide a long-lived multi-qubit
backbone for future telecom-wavelength integrated quan-
tum photonic circuits.
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APPENDIX A: SAMPLE PREPARATION
Unless otherwise specified, all measurements were per-
formed upon an isotopically purified 28Si crystal obtained
from the Avogadro project with 99.995% 28Si, < 1014
oxygen/cm3 and < 5×1014 carbon/cm3 [37]. An irradi-
ation dose of 320 kGy was applied to the crystal using
10 MeV electrons, with intermittent application of cool-
ing dry ice to maintain a relatively low sample tempera-
ture during irradiation. To increase hydrogen concentra-
tion, the sample was first annealed in boiling water for
24 hours [38], and then annealed in air from 300 ◦C to
450 ◦C in steps of 30 minutes on a hotplate [3]. To re-
duce laser scatter at the silicon interface, a coarse polish
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was applied to the larger faces of the sample, followed
by a brief etch in a 1:10 HF/HNO3 solution to remove
surface strain.
A second isotopically purified 28Si crystal, with a
higher carbon concentration of 1.5×1015 cm−3, was used
for the phonon sideband spectra. The same radiation
and annealing treatment was applied to this sample as
the first, and the TX PL signal was ∼ 3–4 times stronger.
Lastly, a natSi sample which was lightly doped with gal-
lium, electron irradiated and then annealed at 500 ◦C in
the year 1995 and stored at room temperature since then
was used for the natSi PL spectrum.
APPENDIX B: METHODS
Cryogenics – The samples were loosely mounted in
a strain-free manner and immersed in liquid helium-4
(LHe4) at temperatures ranging from 1.4 K to 4.2 K. The
temperature was set by pumping on the LHe4 bath.
Photoluminescence – To generate nonresonant photo-
luminescence (PL), the sample was illuminated with up
to 300 mW of 1047 nm (beam diameter 2–4 mm) above-
gap excitation. The resulting luminescence from the sam-
ple was directed into a Bruker IFS 125 HR Fourier trans-
form infrared (FTIR) spectrometer with a CaF2 beam
splitter and liquid nitrogen cooled Ge diode detector, and
measured at spectral resolutions ranging from 0.25µeV
to 62µeV. The apodization method used in shown spec-
tra was Blackman-Harris 3-term, except for the 935.142
meV 13C peak doublet (Fig. 2(d)) where boxcar (no
apodization) method was used. For the magneto-PL
measurements, the sample was centered in a 6 T super-
conducting magnet with the field approximately parallel
to the [110] orientation.
For the resonant PL measurements, a single-frequency
Toptica DL100 tunable diode laser was amplified by
a Thorlabs BOA1017P amplifier to reach powers of
∼75 mW (beam diameter 2–4 mm), then filtered by
an Edmund Optics #87-830 1350 nm (±12.5 nm) band-
pass filter and an Iridian Spectral Technologies DWDM
1329.22 200 GHz 1329 nm (±0.5 nm) bandpass filter be-
fore reaching the sample. Both filters were tilted down to
shift their respective passbands to the laser frequency. In
the optical detection path, two custom 1330 nm longpass
filters (3 nm cut-on) from Iridian Spectral Technologies
were used to filter back-reflected laser light from the sam-
ple. The resulting luminescence was directed to the FTIR
spectrometer as above.
Photoluminescence Excitation – Photoluminescence
excitation (PLE) involves tunable resonant excitation of
the TX0 ZPL followed by the optical detection of lower
energy photons resulting from the TX phonon sideband.
In the case of resonantly driving the 1326 nm ZPL transi-
tion (Fig. 1(a)), a single-frequency Toptica tunable diode
laser DL100 was first amplified by a Thorlabs BOA1017P
amplifier to reach powers of ∼ 100 mW (beam diameter
2–4 mm), then filtered by 1325 nm (±25 nm) band pass
filters and directed onto a polished face of the sample.
In the optical detection path, a Semrock BLP02-
1319R-25 1319 nm longpass laser rejection filter was
found to give good rejection of the TX0 pump photons.
To remove contributions from a silicon Raman replica at
1426 nm, a 1375 nm band pass filter (50 nm bandwidth)
was also in the detection path, giving rise to a spectral
PLE detection window as depicted in Fig. 2(a). The re-
sulting photons were directed to an IDQuantique ID230
high-sensitivity InGaAs photon-counting detector.
PLE was also used for excited state spectroscopy,
wherein the Toptica DL100 tunable diode laser was
scanned over higher energies and TX0 ZPL photons were
detected by replacing the aforementioned detection fil-
ters with a 3/4 m focal length double monochromator set
to filter out all light apart from a small window of lumi-
nescence around 1326 nm.
Optically Detected Magnetic Resonance – Unless other-
wise specified, the magnetic resonance experiments were
performed with the sample in an applied magnetic field
of approximately 80 mT delivered using an iron core
electromagnet. The sample was mounted in the PLE
setup as described above, and placed within two nested
magnetic resonance resonators: a split-ring resonator
(fres = 2.25 GHz, bandwidth = 10 MHz) for electron para-
magnetic resonance (EPR), and a Helmoltz coil pair
(fres = 4.8 MHz, bandwidth = 300 kHz) for nuclear mag-
netic resonance (NMR). The radiofrequency (RF) signals
were generated using signal generators SRS SG384 and
SRS SG386, switches ZASWA-2-50DR+, were combined
using a power splitter ZB2PD-63-S+ and were amplified
to up to 1 W of power using amplifiers ZHL-16W-43-S+
and ZHL-1-2W+ as needed. For pulse sequencing a Spin-
core Pulseblaster DDSII-300 was used.
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